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Abstract: In this research article, four organic chromophores of type D—Ai-n—A (i=2—4) combining
various auxiliary acceptors (Ai) with phenothiazine (PTZ) as the electron donor, thiophene as the -
conjugated bridge, and tricyanovinyl dihydrofuran (TCF) as the electron acceptor have been structured
and theoretically studied using density functional theory (DFT) and time-dependent DFT (TD-DFT)
methods. The effects of various auxiliary acceptors in D—Ai—n—A chromophores on the nonlinear
optical (NLO) response have been examined. In this context, the geometric and electronic structures,
intramolecular charge transfer (ICT), NBO analysis, absorption wavelength in different organic
solvents, polarizability (), and hyperpolarizability () have been determined. They have been assessed
to predict the appropriate candidates for NLO material. The data obtained illustrate that all
chromophores with various auxiliary acceptors present a large NLO response ranging from 13541.17
t0 66723.38 (a.u), PTZ-2 especially with auxiliary acceptor 2,3-dimethylthieno[3,4-b]pyrazine presents
the highest <a> [(879.10 (a.u)) and Btot (66723.38 (a.u)] values. A strong NLO response indicates that
this series of organic chromophores with a D-Ai-n-A architecture exhibits large first hyperpolarizability
[tot values, which are much greater than those of urea.
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1. Introduction

The promising nonlinear optical (NLO) materials have attracted considerable interest
in current research [1] due to their viable application in optoelectronic devices, optical data
storage, optical switching, optical information processing, optical power limiting applications
[2-3], utilization in the fields of solid-state physics, interface physics, medicine, chemical
dynamics, materials science and other fields [45]. Among different materials, organic materials
have been examined as a feasible alternative to inorganic compounds due to their low cost,
facile fabrication, synthesis, structural modification with suitable substituents, low dielectric
constant, and large nonlinear response [67]. Organic NLO molecules with donor (D) and
acceptor (A) groups coupled via m-spacers exhibit a nonlinear optical response due to the
molecular polarizability of nonlocalized n-electron under the influence of a light field [89].
Indeed, the NLO response of organic materials is stronger and faster than that of inorganic
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materials due to the movement of the nonlocalized n-electron, which is easy and not affected
by lattice vibrations [10]. Therefore, the increased intramolecular charge transfer (ICT)
reinforces the NLO response properties, whereas charges are delocalized from donor (D) to
acceptor (A) groups through n-spacer [11]. In general, metal-free organic compounds consist
primarily of three elements: donor (D), n-spacer (x), and acceptor (A). On this basis, several
organic molecular architectures (D-A, D-A-n-A, D-n-A, D-n-D-n-A, D-n-A-=n-D, D-n-n—A,
and D-D-n—A, etc.) have also been created to achieve high power efficiency [1213]. To
increase the light-harvesting capabilities of organic chromophores with a similar structure of
D-n-A, an auxiliary acceptor was introduced in the conjugated bridge between the electron
donor and the n-bridge to form a D-A'-n—A type structure [1415]. Indeed, different kinds of
electron-withdrawing groups such as phthalimide [16], benzothiadiazole [1718], benzotriazole
[19], quinoxaline [2021], and diketopyrrolopyrroles [2223] have been used as the auxiliary
acceptor for viable D—A—n—A structures. Recently, a novel chromophore PTZ-1 with the
architecture D-n-A was synthesized by Yuhui Yang et al. [24]. This chromophore contains the
phenoxazine (PTZ) and tricyanofuran (TCF) acceptor linked together via thiophene as the n-
conjugated bridge figure 1. It was proposed that this chromophore may be used in nonlinear
optical (NLO) applications.
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Figure 1. Structure of chromophore PTZ-1.

In this work, we concentrate on developing a D-Ai—n—A architecture; this structure
may be produced by inserting an acceptor group denoted Ai betwixt the donor group and the
n-linker as just an additional acceptor in the reference architecture (D—n—A). In particular,
chromophore PTZ-1 with (D-n—A) structure showed a lower energy gap, good thermal
stability, and nonlinear optical properties [24]. Motivated by these characteristics and to aid
future experimental research aiming to design effective organic compounds to be used as the
nonlinear optical (NLO) chromophore molecule, theoretical quantum computations have been
accurate in predicting and estimating the characteristics of the chromophores NLO [25].
Therefore, our objective consists of studying the supplementary acceptor's influence on the
geometric, electronic, optical, and nonlinear characteristics. For that reason, three
chromophores PTZ-2, PTZ-3, and PTZ-4 of the configuration D-Ai-n—-A (i=1-3) were
designed from the chromophore PTZ-1, where the donor D is phenothiazine (PTZ), the n-linker
is thiophene, the electron acceptor A is tricyanovinyl dihydrofuran (TCF) for all chromophores.
In contrast, the additional acceptor is 2,3-dimethylthieno[3,4-b]pyrazine (PTZ-2),
benzo[c][1,2,5]thiadiazole (PTZ-3) and [1,2,5]thiadiazolo[3,4-d]pyridazine (PTZ-4) figure 2.
Geometric and electronic structure, energy gap, frontier molecular orbitals (FMO), natural
bond orbital (NBO) analyses, polarizability (a), and hyperpolarizability (B) were studied by
applying density functional theory (DFT). In contrast, the absorption wavelength in different
organic solvents is studied using time-dependent DFT (TD-DFT).
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Figure 2. Structures of chromophores PTZ-1- PTZ-4.
2. Materials and Methods

In this research, the DFT computations were carried out using the Gaussian 09 [26]
supported by the GaussView 5.1.8 interface for visualization [27], with the exchange-
correlation hybrid functional B3LYP [28] and the 6-31G+(d,p) basis set [29]. In the gas phase,
the geometry structures of all chromophores were optimized, and the HOMO, LUMO, and
HOMO-LUMO gaps energies were calculated [3031]. The computed orbital populations were
used to forecast the natural bond orbital (NBO) [32] analysis using the NBO 6.0 software
incorporated into the Gaussian 09 package program [26].

For chosen compounds, the absorption spectrum, vertical absorption energies, and
oscillator strengths were computed in various organic solvents employing Time-Dependent
Density Functional Theory (TD-DFT) [33] with coulomb-attenuated hybrid exchange-
correlation functional (CAM-B3LYP) [34]. In addition, we used DFT with the CAM-B3LYP
functional, and the basis set 6-31G (d) to study NLO characteristics for chromophores PTZ-1,
PTZ-2, PTZ-3, and PTZ-4, such as the polarizability (o) and first hyperpolarizability (Btot).
Indeed, the polarizability (o) and the first hyperpolarizability (Btot) are all features that imply
their utility as nonlinear optical materials [35-36]. They are computed using the X, y, and z
units in equations (1) and (2):

Here, it combines the different quantities:ict

1
<a>= 3 (aex + ay, + ayz) (1)

Broe = Jﬂ% + B2 + 2 @
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Here, A = =X.¥.2) combines the different quantities: | 3 0 Y20 Ui Ui

3. Results and Discussion

3.1. Geometric properties.

The optimized geometries of the chromophores PTZ-1, PTZ-2, PTZ-3, and PTZ-4
calculated using DFT/B3LYP/6-31G+(d,p) level are represented in figure 3. Their primary
optimized geometrical parameters such as the dihedral angle 6i (i = 1-4) and the link distance
parameters di (i = 1-4) are collected in table 1 and scheme 1.
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Scheme 1. Studied geometric parameters.
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Figure 3. Optimized structures of all studied chromophores (PTZ-1- PTZ-4) using B3LYP/6-31G +(d,p) level.

Table 1. Distances di (A) and dihedral angles 6i (°) of the studied chromophores calculated by B3LYP/6-31G

+(d,p).
Chromophore di(A) d2(A) d3(A) d4(A) ds(A)
PTZ-1 1.45 fleled 144 142 142
PTZ-2 1.46 142 142 143 142
PTZ-3 1.47 1.45 144 142 142
PTZ-4 1.47 1.45 143 143 142
Chromophore 01(°) 02(°) 03(°) 04(°) 05(°)
PTZ-1 178.39 Fkk 178.28 179.70 179.76
PTZ-2 163.36 179.36 179.49 179.63 179.70
PTZ-3 144.99 179.54 179.72 179.89 179.99
PTZ-4 179.96 179.99 179.98 179.99 179.99

All the chromophores are nearly planar with identical dihedral angles 61, 62, 83, and
04 values close to 180°. A small twist was detected for PTZ-2 and PTZ-3, whose 01 is around
163.36° and 144.99°, respectively. This may be explained by the existence of a steric hindrance
effect between the donor (D) and the auxiliary acceptor groups. For the chromophores
examined, the results of the optimized structures indicate that all the chromophores have planar
structures. The shortest values estimated lengths di (i=1-4) for all organic chromophores are in
the range of 1.42 A to 1.47 A; these values are intermediate between the distances of both a
single link and a double link. This diminution in length results from the conjugation effect in
the systems investigated. This coplanar structure confirms and simplifies intramolecular charge
transfer ICT [37].

3.2. Frontier molecular orbital and energy levels of the designed chromophores.

To better understand intramolecular charge transfer (ICT), the electronic distributions
of molecular orbital frontiers of four molecules were estimated by applying the B3LYP
technique with 6-31G +(d,p) level, which is represented in figure 4. According to the border
orbital density of the HOMO electrons in the chromophores studied, the HOMO electrons of
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PTZ-1, PTZ-2, PTZ-3, and PTZ-4 are localized in the donor electron fragment. For the
distribution of LUMO, the electron density of all chromophores is primarily located on the Ai—
n—A part. This demonstrates sufficient electron density separation betwixt the HOMO and
LUMO orbitals, which facilitates ICT transitions for all chromophores and demonstrates a
decrease in bandgap and a shift in absorption toward the red. Hence, the Egap Of all investigated
molecules was computed using the following formula: Egap = EHomo — ELumo [38] and is
reported in table 2. According to this table, the reference chromophore PTZ-1 has gap energy
of 1.68 eV. In comparison to PTZ-1, the gap energy decreases in the following order: PTZ-1
(1.68eV) > PTZ-2 (1.59 eV) > PTZ-3 (1.50 eV) > PTZ-4 (1.20 eV).

Chromophore HOMO LUMO
“' ;’ Fy -
“oneeglghy
&‘ 4‘,
2 a,
PTZ-2
PTZ-3
PTZ-4
Figure 4. Contour plots of the frontier orbitals of all chromophores.
Table 2. The Enomo, ELumo, and gap energies of the tested chromophores.
Chromophore Eromo (eV) ELumo(eV) Egap(eV)
PTZ-1 -5.177 -3.497 1.68
PTZ-2 -5.104 -3.512 1.59
PTZ-3 -5.101 -3.601 1.50
PTZ-4 -5.082 -3.877 1.20

3.3. NBO analysis.

To investigate the charge distribution of the D-Ai-n-A (i=2-4) molecular systems,

NBO analysis of optimized structures [39] of PTZ-1-PTZ-4 compounds has been estimated
employing the DFT-B3LYP/6-31G+(d,p) approach in the gas phase and the results are reported
in table 3 using atomic units. For the chromophores PTZ-1 and PTZ-2, the positive NBO charge
of donor D, auxiliary acceptor Ai, and m-spacer groups indicates that they are excellent
electron-pushing groups (electron donation). The acceptor group A has a negative NBO charge,
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indicating that they are efficient electron-withdrawing groups (electron acceptor) that trap the
electron in the molecular backbone. On the other hand, the chromophores PTZ-3 and PTZ-4
have positive charges in the donor and z-linker groups, whereas the acceptor and auxiliary
acceptor Ai groups have negative charges. Indeed, the positive charges in the bridge reveal that
this unit functions as a donor. While the most negative (NBO) charge on the acceptor portion
indicates, the best acceptor group for all chromophores investigated.

Table 3. The NBO analysis of all chromophores (PTZ-1- PTZ-4).

Compound Donating Group auxiliary acceptor m- spacer Acceptor Group
PTZ-1 0.008 faleieled 0.182 -0.190
PTZ-2 0.019 0.027 0.188 -0.234
PTZ-3 0.032 -0.047 0.207 -0.192
PTZ-4 0.058 -0.144 0.274 -0.188

3.4. Molecular electrostatic potential (MEP).

To estimate the reactive areas of the examined chromophore when electrophilic and
nucleophilic attacks, as well as hydrogen bonding interactions, we have simulated the MEP
[40] of all chromophores using the B3LYP/6-31G+(d,p) level, as illustrated in Figure 5.
Different electrostatic potential values are indicated by distinct colors on the MEP surface.
While the negative electrostatic potential areas are illustrated in red and correspond to
electrophilic reactivity, the most positive electrostatic potential areas are represented by blue
and correspond to nucleophilic reactivity. In contrast, the zero electrostatic potential regions
are illustrated in green. As depicted in figure 5, the MEP reveals that all chromophores'
maximum positive area (blue color) is around the sulfur atoms of the m-spacer group and the
auxiliary acceptor. While the negative area (red color) is largely centered around the nitrogen
atoms of the TCF groups in all molecules examined.
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Figure 5. MEP surfaces of the four studied compounds (PTZ-1- PTZ-4).
3.5. Molecular electrostatic potential (MEP).

In chemistry, different concepts have been designed to explain and predict various
physicochemical phenomena and offer information on the electronic structure of chemical
species [41]. Using the HOMO and LUMO energies (EHomo and ELumo), the chemical potential
(1) [42], chemical hardness (n) [4344], softness (S), and electronegativity (y) [45] are all
calculated, and the findings obtained are listed in Table 4. These chemical reactivity indices
can be calculated based on the following equations:
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— ELUMO — EHOMO

Chemical hardness: 2 (3)
— ELUMO + EHOMO
Chemical potential: 2 (4)
— 1 = _(ELUMO + EHOMO)
Electronegativity: 2 (5)

S=

1
Chemical softness: 2" Evuvo ~Evomo (6)

As illustrated in table 4, the p of the investigated chromophores increases in the
following order: PTZ-4 (-4.47) < PTZ-3 (-4.35) < PTZ-2 (-4.31) (eV) < PTZ-1 (-4.30) (eV).
The n indicates that the chromophores PTZ-1, PTZ-2, PTZ-3, and PTZ-4 have the lowest
values, namely 0.81, 0.79, 0.66, and 0.83 (eV). Hence, they are soft molecules. Additionally,
the y values of the chromophores PTZ-1- PTZ-4 were determined to be 4.30, 4.31, 4.35, and
4.47 (eV). Finally, the S values for all examined chromophores increase in the following order:
PTZ-4 (0.60) < PTZ-3 (0.75) <PTZ-2 (0.79) (¢V) < PTZ-1 (0.81) (eV).

Table 4. The EHOMO, ELUMO, Eg, W, M, S and X

Chromophore Eromo(eV) ELumo(eV)

Egap(eV) p n X
PTZ-1 -5.177 -3.497 1.68 -4.30 0.81 0.61 4.30
PTZ-2 -5.104 -3.512 1.59 -4.31 0.79 0.63 431
PTZ-3 -5.101 -3.601 1.50 -4.35 0.75 0.66 4.35
PTZ-4 -5.082 -3.877 1.20 -4.47 0.60 0.83 4.47

3.6. NLO properties.

The usage of NLO compounds is prominent in signal processing, optical switches,
communication technology, optical memory devices, etc. [4647]. The optical response is
influenced by the entire molecule's electrical characteristics, which are also related to the
nonlinear (§ and y) and linear responses (0, etc.). To illustrate the influence of various auxiliary
acceptor Ai units over the NLO response properties of all chromophores studied, the a and
Brotal have been computed by the CAM-B3LYP functional with the 6-31G (d) basis set, and the
acquired findings are detailed in Table 5. As seen in table 5, the average polarizability of the
chromophores investigated (PTZ-1-PTZ-4) is 608.62, 879.10, 767.95, and 757.79 a.u,
respectively. All studied chromophores exhibit notable transitions along the x-axis (axx), and
modifying the acceptor groups influences the polarization values. Indeed, the chromophore
PTZ-4 has the lowest a, while the inclusion of the appropriate acceptor group, such as 2,3-
dimethylthieno[3,4-b]pyrazine (PTZ-2), results in the highest average polarizability. The
maximum value of a is indicated by the PTZ-2. Indeed, the values a for the investigated
chromophores decrease in the following order: 879.10 > 767.95 > 757.79 > 608.62. In the case
of first hyperpolarizability (Ptot), Table 5 indicates that for all chromophores studied,
hyperpolarizability values are 26029.23, 66723.38, 35960.23, and 13541.17 a.u for PTZ-1,
PTZ-1,PTZ-1, and PTZ-1, respectively. Indeed, for all examined chromophores, the computed
Btot decreases in the following order: PTZ-2 > PTZ-3> PTZ-1 > PTZ-4. The chromophore
PTZ-4 (13541.17 (a.u)) has the lowest Btot value. On the other hand, it was discovered that the
chromophores PTZ-2 with 2,3-dimethylthieno[3,4-b]pyrazine as acceptor unit has the highest
Btot value of all molecules (66723.38 (a.u)). It can be observed that the NLO values of all
molecules surpass those of urea, which is often used as a reference organic molecule (ptot value
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of urea = 43 a.u) [48]. Generally, the data indicate that all compounds investigated possess
polarizable properties.

Table 5. The average isotropic polarizability <o> and the first hyperpolarizability Btot of PTZ-1 - PTZ-4.

Parameters PTZ-1 PTZ-2 PTZ-3 PTZ-4
OXX 1071.53 1605.65 1395.90 1397.96
oxy -73.25 -175.16 147.711 -113.54
ayy 427.62 669.75 605.49 521.05
OXZ 11.31 2.06 24.72 0.01
oyzZ -13.64 8.51 -2.82 0.01
0zZ 326.72 361.89 302.48 354.37
<o> (a.u) 608.62 879.10 767.95 757.79
Bxxx 26571.50 -62213.90 -35116.60 -13345.00
Bxxy -2806.57 14664.80 -5219.07 -606.52
Bxyy -237.89 -3069.02 -646.70 -491.72
Byyy 408.82 309.36 26.434 -394.52
Bxxz 610.76 -1021.56 -1075.07 -1.65
Bxyz -72.62 219.92 -289.22 0.43
Byyz -22.82 158.21 176.44 0.06
Bxzz -410.74 314.19 187.34 314.79
Byzz 96.61 191.08 67.59 279.39
Bzzz -106.93 -180.72 -207.90 -0.17
Brot(a.u) 26029.23 66723.38 35960.23 13541.17

3.7. Absorption properties.
3.7.1. Valuation of methodology.

The selection of the functional calculations is essential to precise the description of the
vertical transition energy. Hence, the absorption wavelengths (Amax) of the reference
chromophore (PTZ-1) in CHsCI solvent were tested by TD-DFT employing various hybrid
density functionals PBEPBE [49], MPW97 [50], B3LYP [51], CAM-B3LYP [52] and
WB97XD [53] with 6-31G (d,p) level [54] as indicated in table 6. The results indicate that the
functional hybrid CAM-B3LYP with 6-31G (d,p) more closely matches the experimental value
than the other functionals investigated (with a difference of approximately -45 nm). Based on
the achieved findings, the CAM-B3LYP/ 6-31G (d,p) level has been chosen to compute the
optical characteristics of the four proposed chromophores.

Table 6. Validation of the functional in the TD-DFT prediction of the Amax of the PTZ-1 in CH3Cl solvent.

Theoretical methods Amax (nm) / RE*
PBEPBE 1726.03/ 1194.03
B3PW91 767.31/ 235.31
mPW1PW91 674.72/ 142.72
B3LYP 767.31/ 235.31
CAM-B3LYP 486.94/ -45.06
WB97XD 478.33/ -54.67
Exp 532

Based on optimized ground-state geometries obtained by the B3LYP/6-31G (d,p)
approach for all chromophores investigated, the optical characteristics such as the transition
energy (Eex), the maximum absorption wavelength (Amax), the oscillator strength (f), major
transitions (MO) and % contribution have been computed employing TD-DFT/CAM-B3LYP
with 6-31G(d,p) basis set [5556] in various organic solvents. Table 7 contains the collected
results, and Figure 6 shows the corresponding UV-visible spectrum. As shown in table 7 and
fig. 6, theoretical data show that the absorption wavelength values of PTZ-1 range from 476.47
to 488.50 nm, while the absorption wavelength values of PTZ-2, PTZ-3, and PTZ-4 range from

519.19 to 605.86 nm in different organic solvents investigated. Furthermore, the SO — S1
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excitations of the molecules PTZ-1-PTZ-4 having the transition energy varies between 2.04
and 2.56 eV, and the oscillator strength between 2.12-2.36 is mainly contributed to HOMO —
LUMO transitions (93%, 89%, 90%, and 81%, respectively). We observe that the TD-DFT
data indicate that solvent polarity did not affect the absorption of the organic chromophores
studied (PTZ-1-PTZ-4).
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Figure 6. UV-vis spectrum of four chromophores PTZ-1- PTZ-4 in different solvents.

Table 7. Absorption spectra data calculated at TD-DFT/ CAM-B3LYP/6-31G (d,p) level.

Chromophore Solvent Amax (M) Eex (eV) f MO/character (%)
Dioxane 483.403 2.56 2.13 HOMO -1->LUMO (93%)
Chloroform 486.93 2.54 2.23 HOMO -1->LUMO (93%)
THF 486.13 2.55 2.13 HOMO -1->LUMO (93%)
PTZ-1 Acetone 476.47 2.60 2.13 HOMO -1->LUMO (90%)
Acetonitrile 484.59 2.55 212 HOMO -1->LUMO (93%)
DMF 488.50 2.53 2.13 HOMO -1->LUMO (93%)
Dioxane 568.93 2.37 2.36 HOMO -1->LUMO (89%)
Chloroform 525.15 2.36 2.36 HOMO -1->LUMO (89%)
PTZ-2 THF 524.10 2.36 2.36 HOMO -1->LUMO (89%)
Acetone 522.73 2.37 2.35 HOMO -1->LUMO (89%)
Acetonitrile 522.21 2.37 2.35 HOMO -1->LUMO (89%)
DMF 526.04 2.36 2.36 HOMO -1->LUMO (89%)
Dioxane 521.83 2.37 2.34 HOMO -1->LUMO (90%)
Chloroform 522.84 2.36 2.35 HOMO -1->LUMO (90%)
PTZ-3 THF 521.44 2.37 2.35 HOMO -1->LUMO (90%)
Acetone 519.75 2.37 2.35 HOMO -1->LUMO (90%)
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Chromophore Solvent Amax (M) Eex (eV) f MO/character (%)
Acetonitrile 519.19 2.37 2.35 | HOMO -1->LUMO (90%)
DMF 522.69 2.36 236 | HOMO -1->LUMO (90%)
Dioxane 601.48 2.06 231 | HOMO->LUMO (81%)
Chloroform 605.26 2.04 2.33 HOMO->LUMO (81%)

PTZ-4 THF 603.64 2.05 2.33 | HOMO->LUMO (81%)
Acetone 601.45 2.04 2.33 | HOMO->LUMO (81%)
Acetonitrile 600.60 2.06 2.33 | HOMO->LUMO (81%)
DMF 605.86 2.05 2.33 | HOMO->LUMO (81%)

4. Conclusions

This research designed phenothiazine-based organic chromophores having a D-Ai-n-A
structure and investigated the potential effect of various auxiliary acceptors on their NLO
characteristics. All studied chromophores showed maximum wavelengths Amax in the visible
region with small transition energy values. Our FMO analysis of PTZ-1, PTZ-2, PTZ-3, and
PTZ-4 revealed that the chromophores' energy band gaps were reduced from 1.68 eV to 1.20
eV. Their NBO studies demonstrated that electrons could move successfully between D and A
units. Due to the stronger auxiliary acceptors, the entitled chromophores (PTZ-2 and PTZ-3)
demonstrated a more promising NLO response than the PTZ-1 reference chromophore. NLO
responses leading to favorable < a> and Btot values with following order: PTZ-2 >PTZ-3 >
PTZ-1 > PTZ-4. Generally, All chromophores with various auxiliary acceptors present a large
NLO response ranging from 13541.17 to 66723.38 (a.u), PTZ-2 especially with auxiliary
acceptor 2,3-dimethylthieno[3,4-b]pyrazine presents the highest <a> [(879.10 (a.u)) and Ptot
(66723.38 (a.u)] values. Eventually, it was concluded that entitled chromophores exhibited
good NLO properties because their Btotal values were much greater than urea. The available
data demonstrates that entitled compounds have fascinating NLO properties indicating that
they are accomplished candidates for NLO material.
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